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ABSTRACT

Objective: Recent genome-wide association studies (GWAS) of late-onset Alzheimer disease
(LOAD) identified 9 novel risk loci. Discovery of functional variants within genes at these loci is
required to confirm their role in Alzheimer disease (AD). Single nucleotide polymorphisms that
influence gene expression (eSNPs) constitute an important class of functional variants. We there-
fore investigated the influence of the novel LOAD risk loci on human brain gene expression.

Methods: We measured gene expression levels in the cerebellum and temporal cortex of autop-
sied AD subjects and those with other brain pathologies (�400 total subjects). To determine
whether any of the novel LOAD risk variants are eSNPs, we tested their cis-association with
expression of 6 nearby LOAD candidate genes detectable in human brain (ABCA7, BIN1, CLU,
MS4A4A, MS4A6A, PICALM) and an additional 13 genes �100 kb of these SNPs. To identify
additional eSNPs that influence brain gene expression levels of the novel candidate LOAD genes,
we identified SNPs �100 kb of their location and tested for cis-associations.

Results: CLU rs11136000 (p � 7.81 � 10�4) and MS4A4A rs2304933/rs2304935 (p �

1.48 � 10�4–1.86 � 10�4) significantly influence temporal cortex expression levels of these
genes. The LOAD-protective CLU and risky MS4A4A locus alleles associate with higher brain
levels of these genes. There are other cis-variants that significantly influence brain expression of
CLU and ABCA7 (p � 4.01 � 10�5–9.09 � 10�9), some of which also associate with AD risk (p �

2.64 � 10�2–6.25 � 10�5).

Conclusions: CLU and MS4A4A eSNPs may at least partly explain the LOAD risk association at
these loci. CLU and ABCA7 may harbor additional strong eSNPs. These results have implications
in the search for functional variants at the novel LOAD risk loci. Neurology® 2012;79:221–228

GLOSSARY
ABC � ATP-binding cassette; AD � Alzheimer disease; ADGC � Alzheimer’s Disease Genetics Consortium; CER � cerebellar
tissue; eSNP � single nucleotide polymorphisms that influence gene expression; GWAS � genome-wide association study;
LOAD � late-onset Alzheimer disease; QC � quality control; RIN � RNA Integrity Number; TCX � temporal cortex.

Recent genome-wide association studies (GWAS) of late-onset Alzheimer disease (LOAD)
identified 9 novel loci, in addition to APOE.1–6 Despite the success of disease GWAS, there
remains a knowledge gap with this approach. First, loci identified by disease GWAS may
harbor more than one candidate gene.7 Second, the mechanism of action of the risk variants at
the disease loci is not immediately obvious.1,7 Third, variants identified in complex disease
GWAS do not explain all their underlying genetic components.8,9
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An alternative approach is using biologically
relevant, genetically driven, quantitative pheno-
types, i.e., endophenotypes. Gene expression
levels are a special group of endophenotypes
with a substantial genetic component.7,10–17

Identification of variants that influence both
gene expression and human disease can discover
the actual risk genes at the GWAS loci and their
potential mechanism of action.7,10,11,13,14,16

We postulate that LOAD has multiple risk
variants, some of which influence gene expres-
sion (eSNPs). In this study, we assessed the
novel LOAD GWAS loci, first to determine if
any of the “top LOAD risk SNPs” influence
brain expression of nearby genes in-cis. We arbi-
trarily defined cis-associations as those between a
transcript and a SNP, which is within the gene
encoding that transcript or within 100 kb of its
5� start or 3� end sites. Second, we aimed to
determine if the brain expression levels of any of
the “top LOAD candidate genes” at these loci
are influenced by any other eSNPs in-cis (cis-
eSNPs). In this study, we utilize the term eSNPs
to define variants associating with expression
levels and not to indicate direct evidence of
functionality, as the eSNPs are likely markers of
other functional, regulatory variants. To deter-
mine whether any of the significant eSNPs that
are identified in this second aim also influence
AD risk, we utilized meta-analyses results from
the LOAD risk GWAS of the Alzheimer’s Dis-
ease Genetics Consortium (ADGC).6 Our find-
ings have implications about the potential
mechanism of action for some of the top LOAD

risk SNPs and for functional regulation of some
of the top LOAD candidate genes.

METHODS Subjects. We measured gene expression levels
from temporal cortex (TCX) of 399 subjects and from cerebellar
tissue (CER) of 374 subjects (table 1). A total of 340 subjects
had both TCX and CER measurements. All subjects were partic-
ipants in the published Mayo LOAD GWAS18 as part of the
autopsy-based series (AUT_60 – 80). All subjects had neuro-
pathologic evaluation by D.W.D. All subjects with AD (n � 202
for TCX and 197 for CER) had definite diagnosis of AD accord-
ing to the National Institute of Neurological and Communica-
tive Disorders and Stroke–Alzheimer’s Disease and Related
Disorders Association criteria19 and had Braak scores of �4.0.
All control subjects (non-AD, n � 197 for TCX and 177 for
CER) had Braak scores of �2.5, but many had brain pathology
unrelated to AD (table e-1 on the Neurology® Web site at
www.neurology.org).

RNA extraction and gene expression measurements.
Total RNA was extracted from frozen TCX or CER samples
using the Ambion RNAqueous kit according to the manufactur-
er’s instructions. The quantity and quality of the RNA samples
were determined by the Agilent 2100 Bioanalyzer using the Agi-
lent RNA 6000 Nano Chip.

Transcript levels were measured using the Whole Genome
DASL assay (Illumina, San Diego, CA). The RNA samples were
randomized across the chips and plates using a stratified ap-
proach to ensure balance with respect to diagnosis, age, gender,
RNA Integrity Numbers (RINs), and APOE genotype. Replicate
samples were utilized for quality control (QC). Raw probe-level
mRNA expression data of the 399 TCX and 374 CER samples
were exported from GenomeStudio software (Illumina Inc.)
for preprocessing with background correction, variance stabi-
lizing transformation, quantile normalization, and probe fil-
tering using the lumi package of BioConductor24,25 (appendix
e-2: Methods).

Standard protocol approvals, registrations, and patient
consents. This study was approved by the appropriate institu-
tional review board and appropriate informed consent was ob-
tained from all participants.

Genotype data. All genotypes used in the SNP/transcript level
association studies were extracted from the Mayo LOAD
GWAS, since all autopsied subjects with TCX or CER gene
expression measurements were part of this study.18 The LOAD
GWAS genotypes were generated using Illumina’s Human
Hap300-Duo Genotyping BeadChips analyzed with an Illumina
BeadLab Station (Illumina) at the Mayo Clinic Genotyping Shared
Resource according to the manufacturer’s protocols. The LOAD
GWAS QC methods were previously published10,18 (appendix e-2:
Methods).

Statistical methods. SNP/transcript levels association. To
test the influence of the top LOAD risk SNPs on brain
gene expression in-cis, we extracted from the Mayo LOAD
GWAS the genotypes for these SNPs or their proxies. The
Mayo LOAD GWAS had genotypes for the following 5 top
LOAD risk SNPs: BIN1_rs744373, CLU_rs1136000,
EPHA1_rs11767557, MS4A6A_rs610932, and PICALM
_rs3851179; and the proxies for ABCA7_rs3764650,
MS4A4A_rs4938933, MS4A6A_rs610932, MS4A4E_rs670139,
and PICALM_rs561655 (table e-2). The top LOAD risk SNPs
or their proxies were tested for cis-association with the transcript

Table 1 Subjects with temporal cortex and cerebellar
expression measurements

Temporal cortex Cerebellum

AD Non-AD AD Non-AD

No. 202 197 197 177

Female, n (%) 108 (53) 78 (40) 101 (51) 63 (36)

Mean age, y, �SD 73.6 � 5.5 71.6 � 5.6 73.6 � 5.6 71.7 � 5.5

ApoE4 dose 0, n (%) 79 (39) 146 (74) 71 (36) 130 (73)

ApoE4 dose 1, n (%) 96 (48) 46 (23) 98 (50) 43 (24)

ApoE4 dose 2, n (%) 27 (13) 3 (2) 28 (14) 2 (1)

ApoE4 dose unknown, n (%) 0 (0) 2 (1) 0 (0) 2 (1)

Mean RIN � SD 6.3 � 0.9 6.9 � 1.0 7.2 � 1 7.2 � 1

Abbreviations: AD � Alzheimer disease; RIN � RNA Integrity Number.
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levels of those genes that resided within �100 kb of their
genomic location according to NCBI Build 36. Of the top
LOAD candidate genes nearby these SNPs, the following had
detectable brain expression levels in both TCX and CER:
ABCA7, BIN1, CLU, MS4A4A, MS4A6A, and PICALM. Thir-
teen additional nearby genes were also tested for SNP/transcript
levels associations. A total of 59 SNP/transcript associations were
tested (tables e-2 and e-3).

To test whether the brain expression levels of any of the top
LOAD candidate genes are influenced by other eSNPs in-cis (cis-
eSNPs), we identified all SNPs in the Mayo LOAD GWAS
within �100 kb flanking region of the gene. ABCA7, BIN1,
CLU, MS4A4A, MS4A6A, PICALM, and CD2AP were tested
for additional eSNPs. A total of 369 SNP/transcript associations
were tested (table e-4 and e-5). Study-wide Bonferroni correc-
tions were done for the total number of SNP/transcript associa-
tions tested.

Linear regression analysis to test for SNP/transcript associa-
tions were done in PLINK.20 Preprocessed probe transcript levels
were utilized as endophenotypes. Each probe was assessed sepa-
rately, even though 1 gene may have multiple probes. An addi-
tive model was assumed, with the minor allele dosage (0, 1, 2) as
the independent variable, and APOE �4 dosage (0, 1, 2), age at
death, gender, PCR plate, RIN, and adjusted RIN2 (defined as
[RIN � RINmean]2) as covariates. The CER and TCX results
were analyzed separately. The AD and non-AD subjects were
analyzed both separately and jointly. The joint analyses includ-
ing diagnosis as an additional covariate (AD � 1, non-AD � 0)
were considered to be the main analyses. The separate AD and

non-AD only analyses are also reported (tables e-1 through e-6).

ADGC meta-analyses. The top LOAD risk SNPs that were
assessed for their influence on brain gene expression have AD risk
association results published in the literature. To determine the AD
risk association of the remaining SNPs assessed in this study (i.e.,
proxies for the top LOAD risk SNPs and the other cis-eSNPs), we
obtained meta-analyses results from the ADGC.6 The cohorts that
are assessed by ADGC, as well as the methodologic details of the
meta-analyses, are described in detail in a recent publication.6

Briefly, the meta-analyses of the ADGC dataset results reported here
(tables 2, 3 and e-2 through e-5) are generated from the combined
analyses of stage 1 and stage 2 cohorts (appendix e-2: Methods),
with detailed descriptions provided elsewhere.6,21 Stage 1 cohorts are
comprised of 8,309 LOAD cases and 7,366 cognitively normal el-
der controls. Stage 2 has 3,531 LOAD vs 3,565 control subjects.

Each cohort was tested for AD risk association using a logis-
tic regression approach, assuming an additive model and adjust-
ing for age, sex, APOE �4 dosage, and principal components
from EIGENSTRAT.22 The meta-analyses results were gener-
ated using the inverse variance method implemented in the soft-
ware package METAL.23

RESULTS cis-Association of the novel top LOAD
risk SNPs with brain expression levels of genes. We
evaluated 18 top LOAD risk SNPs or their proxies
from 6 novel LOAD loci for associations with TCX
and CER expression levels of 6 top LOAD candidate
genes and 13 others within �100 kb of these SNPs.
All 19 genes had detectable expression both in TCX
and CER of autopsied subjects. Given the assessment
of 59 SNP/transcript associations (table e-2), p
�8.47 � 10�4 is required to achieve significance af-
ter Bonferroni correction. CLU_rs11136000 and 2
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SNPs at the MS4A locus (rs2304933 and rs2304935)
have significant association with TCX expression lev-
els of CLU (p � 7.81 � 10�4) and MS4A4A (p �
1.48 � 10�4 and 1.86 � 10�4), respectively (table 2
and figures e-1 and e-2). The MS4A4A eSNPs also
have nominally significant associations in CER (p �
3.65 � 10�2), but CLU_rs11136000/transcript asso-
ciation is not significant in CER. The significant
MS4A4A SNP/transcript associations appear to be
driven by both AD and non-AD subjects, however
CLU_rs11136000/transcript association achieves sig-
nificance only in the non-ADs (tables e-2 and e-3).

CLU_rs11136000 minor “A” allele associates
with both higher TCX expression levels of this gene
and lower AD risk (tables 2, e-2, e-3, and figure 1A).
CLU_rs11136000 reached genome-wide significance
in published LOAD GWAS2,3 and also has sig-
nificant association with lower AD risk in the
meta-analyses of the ADGC dataset (OR � 0.89,
p � 5.23 � 10�7). The minor alleles of MS4A4A
SNPs rs2304933 and rs2304935 associate with
higher brain expression levels of this and increased
AD risk that is nominally significant in the meta-
analysis of the ADGC dataset (OR � 1.06, p �
1.11 � 10�2 to 1.13 � 10�2) (table 2, table e-3,
figure 1, A and B). The MS4A4A transcript-
associating SNPs rs2304933 and rs2304935 are
proxies for rs670139, which is intergenic between
MS4A4E and MS4A6A and which showed genome-
wide significant association with increased AD risk.5

cis-Association of SNPs with brain expression levels of
novel top LOAD candidate genes. We evaluated ex-
pression levels of 7 novel top LOAD candidate genes,

at 6 of the recently identified novel LOAD loci, de-
tectable in TCX and CER of autopsied subjects, for
their association with cis-eSNPs residing within
�100 kb of their flanking region. Given the 369
SNP/transcript associations tested, p � 1.36 � 10�4

is needed to achieve Bonferroni-corrected study-wide
significance. There were 9 significant SNP/transcript
associations; 6 for CLU expression in TCX (p �

4.01 � 10�5 to 9.00 � 10�9), and 3 for ABCA7 in
both TCX and CER (p � 3.53 � 10�5 to 1.03 �

10�7) (tables 3, e-4, and e-5 and figures e-1 and e-3).
ABCA7_rs7247087/transcript associations were sig-
nificant in both brain regions, and the other 2
ABCA7 SNPs (rs757232 and rs2072102) that were
significant in CER had nominal significance in TCX.
The direction and magnitude of the effect on ABCA7
levels were similar in the 2 brain regions for all 3
SNPs. None of the 5 CLU SNPs with significant
TCX transcript associations showed nominal sig-
nificance in CER. All significant CLU and ABCA7
SNP/transcript associations showed effects of sim-
ilar direction and magnitude in both AD and
non-AD brains.

CLU_ rs569214 which is associated with higher
levels of this gene in TCX has nominally significant
association with lower AD risk in the meta-analysis
of the ADGC dataset (table 3, table e-5, figure 1A).
ABCA7_ rs757232 and rs2072102 show significant
association with higher ABCA7 levels in 2 brain re-
gions as well as significantly higher risk of AD
(OR � 1.11, p � 6.25 � 10�5 to 6.74 � 10�5) in
the meta-analysis of the ADGC dataset (table 3, table
e-5, figure 1, A and B). None of the other significant

Table 3 Significant associations for the cis-eSNPs and brain expression levels of the top AD loci genesa

CHR eSNP
Tested
allele

DASL expression
probe Symbolb

TX all CER all AD–eSNP associationc

p � p � OR (95% CI) p

8 rs894019 A ILMN_1667058 CLU 9.00E-09 0.28 NS 0.01 1.00 (0.95–1.05) NS

8 rs569214 A ILMN_1667058 CLU 1.98E-06 0.24 NS �0.02 0.95 (0.91–0.99) 2.64E-02

8 rs542876 A ILMN_1667058 CLU 2.13E-06 0.21 NS �0.01 NA NA

8 rs473024 G ILMN_1667058 CLU 1.04E-05 0.24 NS 0.06 1.04 (0.99–1.10) NS

8 rs2582369 A ILMN_1667058 CLU 2.02E-05 0.23 NS 0.07 1.04 (0.98–1.09) NS

19 rs7247087 A ILMN_1743205 ABCA7 3.53E-05 0.14 1.03E-07 0.18 0.97 (0.91–1.03) NS

8 rs570197 G ILMN_1667058 CLU 4.01E-05 0.22 NS 0.06 1.03 (0.98–1.09) NS

19 rs757232 A ILMN_1743205 ABCA7 1.61E-03 0.10 2.62E-06 0.15 1.11 (1.05–1.17) 6.25E-05

19 rs2072102 A ILMN_1743205 ABCA7 1.12E-03 0.11 3.57E-06 0.15 1.11 (1.05–1.17) 6.74E-05

Abbreviations: AD � Alzheimer disease; CER � cerebellar tissue; CER all � eSNP/expression associations in the CER of all
subjects; CI � confidence interval; eSNP � single nucleotide polymorphisms tested for expression level associations; NA �

not applicable; NS � not significant; OR � odds ratio; SNP � single nucleotide polymorphism; TCX � temporal cortex; TX
all � eSNP/expression associations in the TCX of all subjects.
a The results that have study-wide significance for TCX, CER, or both after Bonferroni correction for 369 SNP/transcript
association tests are depicted.
b Gene tested for its brain expression level association with the eSNP.
c Association of the eSNP with AD risk in the meta-analysis of the Alzheimer’s Disease Genetics Consortium dataset.
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Figure 1 Box plots of the residuals for the preprocessed expression values for ABCA7, CLU, and MS4A4A
genes in the (A) temporal cortex and (B) cerebellum

Residuals were obtained following adjustment for age at death, gender, APOE �4 dose, PCR plate, RNA Integrity Number
(RIN), adjusted RIN2, and diagnosis in all subjects included in the analysis, for each genotype (0, 1, or 2 alleles) of the
targeted SNP (rs#) in a linear regression model. Median values are represented by a thick, black, horizontal line within the
box, while the box represents the upper and lower quartiles. The whiskers represent the maximum and minimum values
(excluding outliers) defined as 1.5 times the interquartile range. Outliers are represented as circles. The subject counts for
each genotype are indicated (N �) above each box.
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eSNPs showed any association with AD risk in this
study.

DISCUSSION The novel disease loci identified in
the recent large disease GWAS provide the opportu-
nity to uncover the pathophysiology of complex dis-
eases, such as LOAD, which may be instrumental in
the discovery of novel drug targets and development
of early diagnostic tools. Nonetheless, significant
progress awaits the identification of the true disease
genes at these loci, their functional risk alleles and
mechanisms of action. In this study, we used the
brain gene expression endophenotype and disease
GWAS results in a combined fashion to test whether
any of the top LOAD risk SNPs (referred henceforth
as LOAD SNPs for short) are eSNPs and whether the
expression of any of the top LOAD candidate genes
is influenced by any other cis-eSNPs that are within
�100 kb of their genomic location.

Our approach revealed several important find-
ings. First, the LOAD SNPs at the CLU and MS4A
loci also influence brain gene expression of CLU and
MS4A4A genes, respectively. Second, there are addi-
tional variants within the arbitrary 100 kb cis-region
that also influence brain expression of CLU and
ABCA7. Third, these additional, strong CLU and
ABCA7 cis-eSNPs do not appear to be in strong LD
with the LOAD SNPs at their respective loci.

The strongest LOAD SNP at the ABCA7 locus,
rs3764650, was assessed by its proxy rs375229 in our
study and not found to have a significant association
with brain ABCA7 levels. Conversely, 2 of the strong
ABCA7 cis-eSNPs (rs757232, rs2072102) also have sig-
nificant AD risk association (p � 6.25 � 10�5 to
6.74 � 10�5). For the CLU locus, the top LOAD SNP,
rs11136000, also associates with CLU levels in the tem-
poral cortex. Of the additional strong CLU cis-eSNPs
identified in this study, rs569214 associates with AD
risk with modest nominal significance (p � 2.64 �

10�2). That the ABCA7 and CLU loci LOAD SNPs
and additional cis-eSNPs, which also associate with AD
risk, are not in strong LD with each other suggests that
there may be multiple, independent variants at these
loci that influence AD risk. Furthermore, at least some
of this AD risk is conferred by regulatory variants which
affect brain gene expression levels.

The direction of the CLU SNP/transcript and
SNP/AD risk associations are biologically congruent.
The top LOAD risk SNP rs11136000 and the other
CLU transcript-associating SNPs have alleles which
associate with increased brain levels of this gene and
also reduce AD risk. CLU encodes for clusterin,
which is thought to promote neuroprotection in AD
via multifaceted functions including A� clearance,
prevention of excessive inflammation, inhibition of

apoptosis, and clearance of neuronal debris.24 Thus,
genetic variants that influence higher brain CLU lev-
els could conceivably lower AD risk.

MS4A locus SNPs associate with higher levels of
MS4A4A and increased AD risk. The functions of
the MS4A locus genes, including MS4A4A, are yet to
be established, though they are thought to be mem-
bers of a family of transmembrane proteins which
may be parts of oligomeric cell surface complexes in-
volved in signal transduction.25 Given that the MS4A
locus harbors 6 genes in an LD block (MS4A3,
MS4A2, MS4A6A, MS4A4E, MS4A4A, MS4A6E), it
is not possible to distinguish the actual LOAD risk
genes in this region based solely on the disease
GWAS findings. Our findings suggest that the
MS4A4A gene might be the strongest AD candidate
at this locus, though they need to be interpreted with
caution, since brain expression levels of only
MS4A4A and MS4A6A could be tested. Thus, there
may be other MS4A genes that are influenced by
SNPs at this locus. Indeed, we found nominally sig-
nificant SNP/transcript associations with MS4A6A
and the downstream MS4A7. Others have previously
shown nominally significant rs610932/MS4A6A
transcript associations in brains of 143 neurologically
normal, European subjects,5 though we were not able
to confirm this finding in our larger study.

The ABCA7 transcript-associating SNPs both in-
crease its brain levels and AD risk. ABCA7 is mem-
ber of the ATP-binding cassette (ABC) family of
proteins implicated in lipid metabolism,26 shown in
vitro to regulate cholesterol efflux, inhibit amyloid
precursor protein processing,27 and also to play a role
in the phagocytosis of apoptotic cells.28 ABCA7 has a
splice variant with a distinct expression profile and
which lacks the lipid metabolism functionality.29

Understanding the implications of ABCA7 expres-
sional regulation in AD risk requires further informa-
tion about the functions of this protein, and
clarification about the brain ABCA7 splice variant
that is influenced by the ABCA7 SNPs.

Our results also have implications regarding fine
mapping studies aimed at functional variant discov-
ery at the novel LOAD risk loci and suggest that
screening only for coding polymorphisms may miss
important functional variation. The strongest eSNP
associations are in the 5� or 3� regions of the tran-
scripts and sometimes in different genes. Bioinfor-
matics focused on transcriptional regulation sites in
noncoding regions within and surrounding the CLU,
MS4A, and ABCA7 genes, followed by targeted se-
quencing and in vitro functional efforts, may be
fruitful in functional variant discovery at these loci.

It is clear that not all the functional disease vari-
ants will be eSNPs. We also note that the strongest
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LOAD risk SNP was not the strongest eSNP and
vice versa in this study. This could be due to differ-
ences in the populations tested for the LOAD risk
and expression associations, sample sizes, LD pat-
terns, or a combination of these factors. Nonetheless,
it is also possible that the LOAD risk SNPs identified
in the disease GWAS may be marking multiple dif-
ferent types of functional variants, i.e., both eSNPs
and missense coding variants. Our results suggest
that for 3 of the novel LOAD GWAS loci, eSNPs
account for at least part of the disease risk. Not all
novel LOAD candidate genes were detectable in both
CER and TCX of our samples with the DASL mi-
croarrays. It will be important to investigate SNP as-
sociations for brain expression levels of the remaining
LOAD candidate genes using alternative approaches.
It is also necessary to characterize in detail the influ-
ence of the eSNPs on brain expression levels of any
splice variants.

The strengths of our study include combined use
of the gene expression endophenotype and disease
GWAS, use of a relatively large sample size of both
AD and non-AD brain tissue from 2 different re-
gions, and investigation of both the top LOAD risk
SNPs as well as other cis-eSNPs for their effects on
brain expression of 7 top LOAD candidate genes.
Our study demonstrates the power and utility of the
gene expression endophenotypes; identifies brain ex-
pression changes in CLU, MS4A4A, and ABCA7 as
one potential mechanism of action at these novel
LOAD risk loci; and provides direction about func-
tional variant discovery at these loci.
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